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Assembly platformThe Type VI secretion system (T6SS) delivers protein effectors to diverse cell types including prokaryotic
and eukaryotic cells, therefore it participates in inter-bacterial competition and pathogenesis. The T6SS
is constituted of an envelope-spanning complex anchoring a cytoplasmic tubular ediﬁce. This tubular
structure is evolutionarily, functionally and structurally related to the tail of contractile phages. It is
composed of an inner tube tipped by a spike complex, and engulfed within a sheath-like structure.
This structure assembles onto a platform called “baseplate” that is connected to the membrane sub-
complex. The T6SS functions as a nano-crossbow: upon contraction of the sheath, the inner tube is pro-
pelled towards the target cell, allowing effector delivery. This review focuses on the architecture and
biogenesis of this fascinating secretion machine, highlighting recent advances regarding the assembly
of the membrane or tail complexes. This article is part of a Special Issue entitled: Protein trafﬁcking
and secretion in bacteria. Guest Editors: Anastassios Economou and Ross Dalbey.
© 2014 Elsevier B.V. All rights reserved.1. Introduction
As emphasized in this Special Issue, a number of specialized protein
targeting and secretionmechanisms are dedicated to transport proteins
or other macromolecules to speciﬁc compartments of the bacterial cell
or to the externalmilieu. Thesemechanisms are not only critical for bac-
teria to ensure the proper localization and positioning of key processes,
but are essential to efﬁciently induce pathogenesis or colonize an eco-
logical niche. For a bacterium, colonizing a new niche means not onlyﬁcking and secretion in bacteria.
munobiology, Harvard Medical
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olecular Biology, University ofadapting its ﬁtness but also to entering into competition with other
organisms participating in this niche; however, the gain and loss
ratio should be strictly controlled as an ecological niche is also efﬁ-
cient when microorganisms coordinate their behaviors. The Type
VI secretion system (T6SS) recently emerged as one of the key
players in the control of these niches, as the activity of the T6SS
might affect prokaryotic cells, simply or highly organized eukaryot-
ic cells. The T6SS delivery mechanism of effector proteins requires a
complex apparatus that assembles into the cytoplasm and extends
through the bacterial envelope. It is broadly distributed among
Gram-negative bacteria but almost exclusively conﬁned to the α-,
β- and γ-proteobacteria subgroups with an over-representation
in the γ [1,2]. T6SS components are generally encoded within
large clusters of genes and in most instances, the expression of
these gene clusters is tightly controlled at the transcriptional,
post-transcriptional and/or post-translational levels.
This review summarizes the current knowledge on the structural or-
ganization of this secretion apparatus. We refer the readers to excellent
recent reviews describing the regulation of T6SS genes, the function, the
biological signiﬁcance and the effector proteins delivered by this appa-
ratus [3–8].
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2.1. Core components and accessory subunits (Fig. 1)
The number of genes encoded within T6SS clusters varies from 16
genes in the evp and hsi-2 gene clusters from Edwarsiella tarda and
Pseudomonas aeruginosa to 38 genes in Serratia marcescens [9,10]. In silico
analysis of the T6SS gene clusters along with a systematic mutagenesis
approach coupled to phenotypic assays performed in E. tarda, Vibrio
cholerae and Agrobacterium tumefaciens demonstrated that a minimal
set of 13 genes is required to assemble a functional T6SS [2,11–13]. The
13 genes encode the minimal components to assemble a functional
T6SS and are called core components. Fig. 1 summarizes the13 T6SS essen-
tial genes. In silico phylogenetic and genomic organization studies classi-
ﬁed these genes in two categories [2]. Four genes, tssJ, tssK, tssL and tssM,
co-occur in most clusters. With the exception of TssK that locates in the
cytoplasm, TssJ, TssL and TssM fractionate with the membranes. The lo-
calization of these proteins and the topology of the innermembrane com-
ponents are depicted in Fig. 1. Similarly, the other nine genes co-occur,
with a number of smaller blocks that bear high co-occurrence such as
tssB–tssC–hcp and tssE–tssF–tssG. Although the function of a number of
these genes has not been clearly deﬁned yet, the similarities between
the Hcp, VgrG and TssE proteins and three subunits associated with the
bacteriophage tails (bacteriophage T4 gp19, gp27–gp5 and gp25 respec-
tively) suggest that these nine proteins, or a subset of them, assemble a
tail-like structure. These phylogenetic data have been supported by bio-
chemical, protein–protein interaction and structural studies. These 13
core components are therefore thought to form two distinct subassem-
blies: a membrane complex that anchors a structure related to the tail
of contractile bacteriophages to the cell envelope. The architecture, as-
sembly and function of these two sub-assemblies are detailed below.
Aside from these core components, T6SS gene clusters usually en-
code accessory subunits. Although the function ofmost of these proteins
remains to be determined, these accessory subunits segregate into (at
least) three categories: (i) components required for the proper assem-
bly of the secretion apparatus (see the example of the TagL protein
below); (ii) regulatory subunits acting transcriptionally or post-
translationally to control the expression or the activity of the T6SS;
and (iii) genuine T6SS substrates and immunities [5,14,15]. In order to
ease the comprehension of T6SSs among different organisms, a nomen-
clature has emerged recently in which the core components are called
Tss (Type six secretion), whereas the accessory subunits are refereed
as Tag (Type six associated gene) [16]. However, due to history of theFig. 1. Type VI secretion gene organization. Theminimal set of T6SS genes required for the assem
of themembrane complex (tssJ, tssK, tssL and tssM) or of the tail complex (tssA, tssB, tssC, hcp, tssE
the percentage value indicating the conservation frequency (adapted from [2]). The localizatio
outer membrane). For membrane proteins, the location of the transmembrane segments (as d
of the tail complex, the localization in the tail structure is also indicated (using the phage nomen
and localization has been inferred based on experimental or phylogenetic evidence (but are thou
The clpV gene, although not related to any phage protein, is classiﬁed in the tail complex based
TssBC sheath.ﬁeld, a number of vernacular names are commonly used such as Hcp,
VgrG, ClpV or VipA (TssB) and VipB (TssC).
2.2. General structure of the Type VI secretion system
The seminal article published by Basler and coauthors in 2012 gave
anunprecedented viewon the general structure of the Type VI secretion
system [17]. Using cryo-tomography, the authors showed that the T6SS
is composed of a cytoplasmic cylinder anchored to the cell envelope via
two subcomplexes (Fig. 2A and B). Interestingly, the structure appears
to exist in a second – shorter and larger – conformation [17]. The two
conformations shown by electron microscopy are consistent with the
observation that the TssB and TssCproteins assemble a tubular structure
that undergoes stages of extension and contraction (see below) [17].
These results suggested that, similar to the contractile phages, the
T6SS may use a contractile mechanism for effector secretion. Therefore,
the T6SS is generally depicted as an inverted phage-like tail anchored to
the cell envelope through its membrane-associated complex. A sche-
matic representation of the T6SS is shown in Fig. 2C.
2.3. Caught in the act: the Type VI secretion in action
Phages of the Myoviridae family use a contractile mechanism, in
which a sheath assembled around an inner tube contracts to propel
the tube towards the bacterial target cell. In the case of the T6SS, fusion
of the VipA/TssB protein to the green ﬂuorescent protein (GFP) provid-
ed evidence that this protein polymerizes to assemble a dynamic struc-
ture that undergoes elongation and contraction events [17]. Based on
these results and on the structural similarities between bacteriophage
and T6SS components, the current model proposes that the mode of
action of the T6SS could be divided into three main steps (Fig. 3):
(i) assembly: a phage-like tail-like structure, comprising the baseplate,
the tube and the sheath, is ﬁrst assembled onto a membrane complex
(Fig. 3a–c); (ii) substrate delivery: contraction of the sheath-like struc-
ture then propels the inner tube composed of polymerized Hcp tipped
by the VgrG protein towards the target cell to deliver toxin effectors
(Fig. 3d) and (iii) disassembly: the AAA + ClpV ATPase is recruited to
the contracted sheath (Fig. 3e) to recycle sheath components (Fig. 3f).
Similar to bacteriophages, the contraction of the T6SS sheath-like struc-
ture should lead to effector's delivery in a one-step mechanism, as
sheath contraction correlates with target cell lysis [18,19]. Recently,
the T6SS activity was followed by time-lapse ﬂuorescence microscopy
in a mixed bacterial population [18–21]. Taken together, thesebly of a functional T6SS is shown. Genes are partitioned as genes involved in the assembly
, tssF, tssG, clpV and vgrG). Geneswith conserved transcriptional orientation are connected,
n of the products of these genes is indicated (cyto, cytoplasm; IM, inner membrane; OM,
eﬁned by topology studies) is also shown. For T6SS subunits implicated in the assembly
clature: tube, sheath and baseplate). Questionmarks indicate genes for which no function
ght to be part of the phage tail-related complex based on gene organization conservation).
on its interaction with the TssBC proteins and its role in the disassembly of the contracted
Fig. 2. Overview of the T6SS. (A) Electron cryo-tomograph of Vibrio cholerae cells producing the T6SS. The arrow points the long cytoplasmic tubular structure corresponding to the T6SS
sheath. A magniﬁcation of the upper part of the tomograph is shown in panel B, emphasizing the presence of distinct complexes (green, tail sheath; purple, putative baseplate; yellow,
putative membrane complex). Panels A and B are reprinted from [17] with permissions. (C) Schematic representation of the T6SS based on the electron cryo-tomographs and on genetic,
biochemical, microscopy and structural data (IM, inner membrane; PG, peptidoglycan layer; OM, outer membrane). Scale bar is 50 nm.
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tions during interbacterial competition. However, when and for which
purpose the T6SS is assembled is different depending of the bacterium
and therefore results in different comportmental behaviors. V. cholerae
V52 assembles the T6SS constitutively, even in isolated bacteria [17]. In
enteroaggregative E. coli (EAEC) cells assemble this sheath-like structure
when in contactwith different types of bacterial cells, including siblings,
T6SS− or T6SS+ bacteria [18]. By contrast, Leroux et al. and Basler et al.
demonstrated that P. aeruginosa does not display anarchic T6SS activity,
but rather responds, or counterattacks, to the activity of a T6SS in a
neighboring cell [19–21]. The bacterial cell therefore senses the attack
and hence triggers the assembly and/or the contraction of its own
T6SS, a phenomenon known as “dueling” [20]. This behavior is not only
important to quickly respond to an attack but also to sense the danger
created by T6SS+ competitors and to speciﬁcally target these cells [19].
This is consistent with the surprising observation that P. aeruginosa
only kills efﬁciently T6SS+ competitors, while V. cholerae V52 and EAEC
also kill T6SS− cells [17–21]. These results also demonstrated that the
T6SS is a contact-dependent mechanism, which requires sensing of
neighboring bacteria and activation of a speciﬁc signaling pathway.Fig. 3.Mechanism of action of the T6SS. The different stages of the assembly and mode of actio
divided into two steps: the assembly of themembrane and baseplate complexes at the site of s
hexamers (black rectangles) stacking on each other coupled to the polymerization of the TssBC
hence propulsing the internal tube towards the target prey cell to deliver effector proteins (d
(e) that dis-assembles and recycles the TssBC sheath proteins (f).Indeed, Basler et al. showed that both dueling between sister cells and
prey selection require the TagQRST–PpkA–PppA–FHA phosphorylation-
dependent regulatory pathway [19]. Brieﬂy, the envelope-associated
TagQRST regulatory system controls the activity of the PpkA kinase
[22,23]. The PpkA kinase then phosphorylates the FHA protein,
which, in turn, activates the T6SS. The activity of PpkA is antago-
nized by the PppA phosphatase that dephosphorylates FHA, there-
fore inactivating the T6SS [15,24]. In the absence of the T6SS post-
translational regulation, P. aeruginosa is unable to select its prey
and therefore kills them very inefﬁciently [19]. This observation
is consistent with the idea that a T6SS apparatus must be assem-
bled to a precise location to deliver toxins into a speciﬁc target
cell. As the TagQRST–PpkA–PppA–FHA is only present in a limited
number of bacterial species encoding T6SSs, it is likely that bacteria
have developed different regulatory systems to ﬁne-tune T6SS ac-
tivity [6]. It is also worth to note that T6SS+ cells do not only re-
spond to T6SS-dependent attacks but trigger activity of the
secretion machine in response to a broader variety of cell envelope
stresses such as the action of antibiotics or conjugative plasmid
transfer [25].n of the T6SS are depicted. The biogenesis of the macromolecular complex (a, b, c) can be
ecretion (a) is followed by the elongation of the cytoplasmic tubular structure built by Hcp
sheath (blue rectangles) (b, c). Once in contact with a prey cell, the T6SS sheath contracts
). An α-helix from TssC protruding from the contracted sheath recruits the ClpV ATPase
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In most T6SSs, the membrane complex is composed of three
membrane-associated subunits: TssL, TssM and TssJ. The localization
and topology of these proteins have been deﬁned, and the crystal struc-
tures of TssJ and of the cytoplasmic domain of TssL have been reported
(Fig. 4). In enteroaggregative E. coli (EAEC) and in several other bacteria,
an additional component, called TagL, associates with the three above-
mentioned proteins [14].Fig. 4. The T6SS membrane complex. (A) Localization, topology and structures of T6SS membra
TagL innermembrane components and the TssK cytoplasmic protein. The high resolution structu
PDB IDs: 3U66), as well as the model of the peptidoglycan-binding domain of TagL, based
homotrimeric TssK complex obtained by SAXS is also shown. (B) Interaction network among T
heterotypic interactions are indicated by arrows. The T6SS tail proteins in interaction with TssKThe ﬁrst membrane-associated T6SS protein to be identiﬁed was
TssJ. TssJ is an outer membrane protein that bears a typical lipobox
sorting motif. The mature TssJ protein is tethered to the outer mem-
brane by the acylation of the N-terminal cysteine residue and protrudes
into the periplasm (Fig. 4A) [26]. TssJ multimerizes in vivo but its
oligomeric state has not been deﬁned [27]. In vitro, the puriﬁed protein
behaves as a monomer [27,28]. The crystal structures of the EAEC (PDB
ID: 3RX9), S. marcescens (PDB ID: 4A1R) and P. aeruginosa (PDB ID:
3ZHN) TssJ proteins have been solved [27–29]. The three structuresne complex subunits. Shown are the TssJ outer membrane lipoprotein, the TssL, TssM and
res of TssJ (from EAEC, PDB IDs: 3RX9) and of the cytoplasmic domain of TssL (fromEAEC
on the Pal structure (PDB IDs: 1OAP), are shown. The low resolution structure of the
6SS membrane complex subunits. Proteins are schematized by dotted circles; homo and
are also indicated (PG, peptidoglycan; peri, periplasmic domain).,
1668 A. Zoued et al. / Biochimica et Biophysica Acta 1843 (2014) 1664–1673are roughly identical and share a characteristic globular transthyretin
fold, composed of two 4-stranded β-sheets facing each other to form a
β-sandwich (Fig. 4A). However, comparison of the three structures
highlights differences in the protruding loop connecting β6 and β7
[29]. By contrast, two large loops, that connect β1 and β2 and β5 and
β6, have similar sizes and conformations in the three crystal structures,
suggesting that they may have important and conserved functions. In-
deed, Felisberto-Rodrigues et al. showed that the β1–β2-connecting
loop mediates TssJ binding to TssM (Fig. 4B) [28]. However, the β1–β2
loop is variable in terms of sequence among the TssJ orthologs. It has
been therefore hypothesized that this loop could act as a speciﬁcity de-
terminant for the interaction between cognate TssJ and TssM subunits
[28]. This speciﬁcity might be essential to avoid cross-interactions be-
tween non-cognate proteins when several T6SSs are encoded within
the same genome. TssM is anchored to the inner membrane by three
trans-membrane helices located in the N-terminal third of the protein.
The bulk of the protein, ~800 amino-acids, resides in the periplasm
(Fig. 4A) [30]. This periplasmic portion is composed of a large α-
helical region followed by a C-terminal all-β-sheet domain. This β-
domain is responsible for contacting the TssJ lipoprotein (Fig. 4B). Bio-
physical studies demonstrated that the TssJ–TssM complex displays a
1:1 stoichiometry with a binding afﬁnity in the micromolar range [28].
The inner-membrane-associated N-terminal region of TssM self-
interacts, as shown by two-hybrid studies [11,30]. Although the TssM
oligomeric state is not yet known, it is hypothesized that TssM
multimers form a channel crossing the inner membrane and
extending into the periplasm. If this is the case, one may ask how this
complexmanageswith the cell wall andwhether dedicated peptidogly-
can hydrolases are required to locally degrade the peptidoglycan for the
proper assembly of this large structure. Aside from its self-interaction,
the N-terminal TssM region mediates contacts with TssL (see below;
[30]). The TssM transmembrane helices 2 and 3 delimit a cytoplasmic
loop of ~300 amino-acids. In a subset of TssM proteins, the cytoplasmic
loop bears aWalker A-type ATP binding pocket. However, the relevance
of this motif is not clear andmight be adapted to speciﬁc requirements:
while the TssM Walker motif is not necessary for the function of the
T6SS in E. tarda, the A. tumefaciens TssM protein has the ability to bind
and hydrolyze ATP [11,30,31]. Further studies demonstrated that the
TssM ATP binding and hydrolysis activity is important for the function
of the A. tumefaciens T6SS by modulating the structural conformation
of TssM and the recruitment of Hcp to the TssM–TssL complex [31].
It is worth to note that the T6SS-associated TssM proteins share se-
quence, localization and topology similarities with IcmF, a component
of the Legionella pneumophila and Coxiella burnetii Type IVb secretion
systems (T4bSS) [1,9]. Interestingly, the T4bSS IcmF protein forms a het-
erodimeric complex with DotU/IcmH, a subunit that shares similarities
with TssL [1,32]. In the T4bSS, the IcmF/IcmH complex and the IcmF
ATP binding site are required for the stabilization of the secretion
apparatus [32,33].
TssL spans the inner membrane once, with a transmembrane seg-
ment located close to the C-terminus, leaving the bulk of the protein
into the cytoplasm (Fig. 4A) [30,34]. Based on this unusual topology,
TssL is classiﬁed as a C-tail anchored protein, and its proper insertion
into the membrane requires the YidC protein and the DnaK chaperone
([34]; see the review of Castanie-Cornet in this thematic issue [35]).
Although the TssL cytoplasmic domain is monomeric in solution, two-
hybrid experiments showed that it dimerizes, albeit with low efﬁciency.
However, the dimer of the full-length TssL protein resists SDS-PAGE,
suggesting that the trans-membrane domain has the ability to stabilize
dimer formation [36]. The three-dimensional structures of the EAEC
(PDB ID: 3U66) and Francisella novicida (PDB ID: 4ACL) TssL cytoplasmic
domains have been reported [36,37]. TssL is constituted of two three-
helix bundles, the second bundle being composed of shorter helices,
yielding a global structure resembling that of a hook (Fig. 4A). The
surface-exposed cavity delimitated by the two helix bundles is enriched
in negatively charged residues that are conserved among TssL proteins,suggesting that this cleft might be a binding site for partners [37]. In-
deed, these residues are critiques as substitutions of these amino-acids
in the Francisella tularensis TssL protein hamper T6SS function [38]. As
described above, TssL interacts with and stabilizes TssM [30,38]. Al-
though the role of the conserved TssL residues in mediating contacts
with TssM has not been addressed, substitution of these amino-acids
induces TssM degradation [38].
In several T6SS, the TssL protein carries an additional C-terminal,
periplasmic domain that shares similarities with the OmpA/Pal/MotB-
family peptidoglycan-binding motif [30,39]. However, when this
domain is missing, the T6SS gene cluster encodes a supplemental pro-
tein, usually TagL, that substitutes for peptidoglycan binding [14,39].
TagL is an inner membrane protein with three transmembrane
segments, delimiting a central cytoplasmic loop and a C-terminal peri-
plasmic domain with a functional peptidoglycan-binding motif
(Fig. 4A) [14]. Mutations that abolish peptidoglycan binding affect
T6SS-dependent Hcp release suggesting that anchorage to the cell wall
is a requisite for the proper function of the apparatus. Using pull-
down experiments, Aschtgen et al. precipitated a complex constituted
of TagL, TssL, TssM and TssJ. Further pull-down experiments using
detergent-solubilized cell extracts from tssL, tssM or tssJ cells demon-
strated that TagL directly contacts TssL (Fig. 4B) [14]. Therefore, TagL
acts as an anchor that ties the secretion apparatus to the cell wall.
Based on these results, theminimal T6SSmembrane anchoring com-
plex is composed of the TssL, TssM and TssJ proteins. TssM acts as a con-
nector between the TssL inner membrane protein and the TssJ outer
membrane tethered lipoprotein. The complex is stabilized through cell
wall binding mediated by either the TssL or TagL component. A number
of questions remain to be answered, such as (i) which is the additional
component that spans the outermembrane or is the outermembrane of
the attacker cell punctured by VgrG during sheath contraction? (2) Is
the TssM periplasmic domain used as a conduit to guide the propelled
Hcp tube through the periplasm? And (3) do peptidoglycan hydrolases
locally degrade the cell wall for the proper assembly of this trans-
envelope complex?
4. The T6SS tail complex
One of the most singular features of the T6SS is that it is the ﬁrst ex-
ample of a macromolecular complex of the bacterial envelope that
shares a common evolutionary origin with the phage injection appara-
tus. This is supported by structural and/or bioinformatics data for four
different subunits (Hcp, VgrG, TssC and TssE) and by the recent work
of Basler et al. [17]. Using a combination of ﬂuorescence microscopy
and electron cryo-tomography the authors demonstrated that the
TssB and TssC subunits of V. cholerae assemble a dynamic structure in
the cytoplasm of the cell, near-perpendicular to the membrane, which
is structurally and functionally related to the tail sheath of contractile
bacteriophages (Fig. 2A) [17]. A wealth of data now support the conclu-
sion that the T6SS comprises a contractile tail-like structure composed
of essential elements: inner tube, sheath and baseplate.
4.1. The T6SS tail tube
The T6SS inner tube is constituted of theHcp protein, a structural ho-
mologue of phage tail tube proteins. In vitro, Hcp proteins spontaneous-
ly assemble into a ~100 Å wide donut-shaped hexameric ring with an
internal diameter of ~40 Å [40]. Five structures of Hcp proteins have
been reported to date: Hcp1 (PDB ID: 1Y12) and Hcp3 (PDB ID: 3HE1)
from P. aeruginosa, EvpC from E. tarda (PDB ID: 3EAA), Hcp1 from
EAEC (PDB ID: 4HKH) and Hcp from Yersinia pestis (PDB ID: 3V4H)
(Fig. 5A) [40–43]. The Hcp tertiary structure is very similar to that of
gpV, the bacteriophage λ tail tube protein [44]. Although bacteriophage
λ is not a contractile phage, this former observation strongly supports
the initial postulate that polymerized Hcp proteins form the inner
tube of the T6SS (Fig. 5A). Indeed, using electron microscopy, Leiman
Fig. 5. The T6SS tail complex. (A) Localization, organization and structures of T6SS tail proteins. Shown are the Hcp hexamers that stack on each other to form the internal tube and the
TssBC contractile sheath-like structure, assembled on the baseplated complex constituted of TssE, the VgrG–PAAR complex and probably unknown additional subunits. Electron micro-
graphs of the artiﬁcial Hcp tube and of the TssBC sheath (cross-section in lower panel) are reprinted from [46,57], respectively,with permissions (scale bars are 10 nm). The high resolution
structures of Hcp (from EAEC, PDB IDs: 4HKH), of the C-terminal domain of TssB (from EAEC, PDB IDs: 4PS2), of the VgrG–PAARpuncturing complex (from E. coliO6: VgrG, PDB IDs: 2P57;
PAAR, PDB IDs: 4JIW) as well as themodel of the TssE protein, based on the structure of the phage T4 gp25 component (PDB IDs: 4HRZ), are shown. (B) Interaction network among T6SS
tail subunits. Proteins are schematized by dotted circles; homo and heterotypic interactions are indicated by arrows. Speciﬁc domain or fragments involved in the interactions are depicted
(Nter, N-terminal domain). The TssK protein, that connects both membrane and tail complexes, is shown.
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structures in vitro [45]. Additionally, Hcp hexamers stack on each
other to form tubeswithin the crystal lattice. This propensity to form tu-
bules has been used to produce artiﬁcial nano-tubes of determined
length, by engineering disulphide bridges at the hexamers' interfaces
(Fig. 5A) [46]. In vivo, Hcp hexamers accumulate in the cytoplasm and
the culture supernatant [40,42,47] and stack on each other in a head-
to-tail manner [47]. These data suggest that Hcp assembles a channel-
like structure extending in the cytoplasm. However, the Hcp tube is
probably not stable by itself, as biophysical studies showed that the
afﬁnity between hexamers is rather low, approximately 7 μM [43].
Thismeans that in vivo, Hcp tube formation needs to be stabilized, prob-
ably by the polymerization of the sheath. Hcp tube formation is critical
for T6SS function as introduction of bulky residues at the interface of
the hexamers disrupts interaction between hexamers in vitro, and
prevents Hcp tube formation and T6SS function in vivo [43,47].
It is worth to note that the internal diameter of the Hcp hexamer is
sufﬁcient to accommodate a small folded protein or unfolded/partly
folded protein [40]. In support to this hypothesis, two putative effectors,
E. tarda EvpP and A. tumefaciens Atu4347 were shown to interact with
Hcp [11,13]. More precisely, recent data demonstrated that the
P. aeruginosa Tse2 anti-bacterial effector binds to and occludes the Hcp
hexamer, providing the ﬁrst evidence that the Hcp tube might be used
as a cargo to deliver effectors into target cells [48].
Interestingly, while Hcp hexamers stack head-to-tail in wild-type
cells, they interact in head-to-head, tail-to-tail and head-to-tail in the ab-
sence of T6SS components, suggesting that a subset of these components
control the proper assembly of Hcp tubes [47]. During bacteriophage
morphogenesis, tail tube/sheath assembly is dictated by a structure
called the baseplate. Although the bacteriophage T4 baseplate is consti-
tuted of a large number of different subunits, Leiman and Shneider sug-
gested that the minimal contractile bacteriophage baseplates comprise
essential components, such as the gp25, gp6, gp53 (or gp7), gp27 andgp5 subunits [49]. In the T6SS, two proteins, TssE andVgrG, exhibit struc-
tural and functional similarities to gp25 and to the gp27–gp5 complex
respectively [45,50,51]. Consistent with bacteriophage tail biogenesis,
the VgrG protein was shown to be required for the proper polymeriza-
tion of Hcp hexamers, whereas the TssB and TssC subunits were shown
to be dispensable, suggesting that the T6SS sheath uses the tube as a
template during assembly [47]. Although the general mechanism of
tube formation seems conserved between bacteriophages and T6SSs
(requirement for a baseplate-like nucleation platform, a tube serving as
a template for sheath polymerization), the constituting proteins have
different properties: the Hcp hexamers are extremely stable but form
weak tubular ediﬁces while phage tube proteins remain monomeric in
solution but assemble stable tubular structures [44–46].
4.2. The T6SS tail sheath
In the bacteriophage T4 tail, the inner tube is engulfed within the
contractile sheath made of gp18 subunits. In the T6SS, two proteins,
TssB and TssC, assemble the sheath (Fig. 5A). The tssB and tssC genes
co-occur in all T6SS gene clusters (Fig. 1) and the corresponding
proteins interact and stabilize each other (Fig. 5B) [13,52–58]. The
regions required for the TssB–TssC interaction have been mapped: the
N-terminus of TssC is essential to contact TssB [56–58]while the hydro-
phobic face of a conserved α-helix in the central region of TssB is in-
volved in the interaction (Fig. 5B) [54,58,59].
The puriﬁed TssB and TssC proteins spontaneously form tubular
structures observable by electron microscopy that share remarkable
structural similarities with the bacteriophage sheath (Fig. 5A). Image
reconstruction of the particles showed that TssB and TssC assemble pre-
dominantly into 12-symmetry structures that exhibit cogwheel-like
cross sections, with 12 protruding paddles (Fig. 5A) [17,53,57]. Cross-
sections present external and internal diameters of ~300 Å and ~110
Å respectively [17,53,57]. Although no structural data is available yet
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the C-terminal 150 amino-acid region of TssC resembles the domain IV
of phage sheath proteins [49]. It is worth noting that in the bacterio-
phage T4 tail, this domain was proposed to connect sheath subunits
by an arm-exchange mechanism [49]. One may hypothesize that the
C-terminus of TssC plays a role comparable to that of gp18 in maintain-
ing T6SS sheath integrity during contraction. If this is the case, the “arm”
polypeptide remains to be identiﬁed in TssC. Consistent with the role of
gp18 domain IV, the deletion of the C-terminal domain of TssC has no
effect on the interaction with TssB but abolishes the formation of
TssBC tubules, suggesting that this domain is critical for polymerization
into tubules [57]. The structure of the C-terminal region of TssB was re-
cently obtained (PDB ID: 4PS2), providing information on the α-helix
that contacts TssC (Douzi et al., unpublished) (Fig. 5A). However, this
three-helix bundle has no homology with any portion of the region of
gp18 for which the structure is known [60].
The TssB and TssC proteins co-fractionate with cytoplasmic proteins
[53,54,56]. However, a large amount of TssB and TssC can be found asso-
ciatedwith themembrane fraction [56,61], consistentwith the observa-
tion that TssB and TssC form high molecular-weight complexes that
likely co-sediment with the membrane without being really associated
with it.
In 2012, using electron cryo-tomography, Basler et al. reported that a
cytoplasmic tubular structure can be observed in vivo in T6SS-producing
V. cholerae cells (see Fig. 2) [17]. Kapitein et al. conﬁrmed that these
structures correspond to T6SS sheaths using immunogold labeling of
TssB [62]. These structures were observed in two different conforma-
tions that likely correspond to the extended and contracted states. In
the contracted state, the tubular structure is hollow and its dimensions
are similar to that observed in puriﬁed TssBC complexes. In the extend-
ed state, the structure is thinner and an extra-density is observed inside
the tubule, suggesting that the central lumen is ﬁlled, probably by the
inner Hcp tube [17]. The molecular mechanism controlling the passage
from the extended to the contracted state has yet to be uncovered but,
on the basis of the contractile mechanism of Myoviridae, it likely in-
volves structural transitions within and between the TssBC proteins,
which must therefore exist in different conformations. As noted above,
the TssBC tubules in the contracted conformation have sizes and diam-
eters that match those of the puriﬁed T6SS sheaths, suggesting that the
TssBC complexes that spontaneously assemble in vitro represent
contracted sheaths. Beside the C-terminal fragment of TssB, no structur-
al information is available for the TssBC complex either in the extended
or contracted state, probably because of the propensity of these proteins
to assemble large tubular structures incompatiblewith crystallization or
NMR studies.
As described above, time-lapse ﬂuorescence microscopy showed
that TssBC tubules exhibit a highly dynamic behavior. They ﬁrst assem-
ble an initial foci close to themembrane, which extends to form a tubu-
lar structure that spans the cell length or width in several tens of
seconds. The tubes then contract to yield a foci that is disassembled
[17,18,20,21,62]. A full cycle can be divided into three steps: exten-
sion/assembly, contraction and disassembly (Fig. 3). Kapitein et al.
noted that after disassembly, new tubules form at the original position
or at alternative sites [62]. Although the signiﬁcance of this observation
is not yet known, it is also interesting to note that, once contracted, the
TssBC sheaths usually rotate and became obliquely oriented compared
to the membrane [17].
Biochemical studies demonstrated that the TssBC proteins interact
with the component of the tube, Hcp (Fig. 5B) [13,47]. It is noteworthy
that the internal diameter of the TssBC complexes (~110 Å) is sufﬁcient
to accommodate the Hcp tubule (external diameter of ~100 Å) [17,53,
57,63]. One may hypothesize that the zones of contact between the
T6SS tail and sheath are located at the outside of the Hcp doughnut
and inside the TssBC tubular structure. Interestingly, Jobichen et al.
noted that a zone constituted of charged residues, located outward the
Hcp hexamer is essential for Hcp release [42]. In the absence of Hcp,TssBC tubules do not form as the TssB–GFP fusion proteins present a dif-
fuse pattern [47,62]. However, Kapitein et al. showed that, in hcp cells,
TssBC spontaneously assemble contracted sheaths that are rapidly dis-
sociated by ClpV [62]. Similar results were obtained in the tssE, tssM or
tssKmutant cells, demonstrating that these three subunits are also re-
quired for polymerization of the sheath [17,47,62,64]. Regarding Hcp,
it was shown that disruption of the inner tube structure by the insertion
of bulky residues at the Hcp hexamer's interface also prevents sheath
polymerization, suggesting that Hcp tube formation precedes sheath as-
sembly [47]. What do these data tell us about the assembly of the tail
tube/sheath? First, TssBC are not required for proper assembly of Hcp
tubules in the head-to-tail conformation. Second, Hcp tube formation
is required for assembly of the sheath. Based on these observations,
we may hypothesize that assembly of the tube precedes sheath poly-
merization, or more likely that the assembly of these two structures is
coordinated. In the latter case, (i) the insertion of an Hcp hexamer in
the growing structure may immediately precede the incorporation of
TssBC complexes or (ii) TssBC–Hcp pre-assembled complexes might
be progressively incorporated. Although the coordinated assembly is
more likely, cryo-tomography did not reveal assembly intermediates,
i.e., ﬁlled sheaths of different lengths [17].
By analogywith themode of action of contractile phages, it has been
proposed that contraction of the TssBC structure propels the Hcp tube
toward the cell exterior or directly into a target cell. If this holds to be
true, it means that the Hcp hexamers will be in contact with the sheath
only when the sheath is in the extended state. This is consistent with
(i) mass spectrometry data showing that puriﬁed T6SS sheaths (i.e., in
the contracted state) do not contain Hcp proteins, and (ii) that
contracted TssBC sheaths are hollow compared to the extended TssBC
sheaths that are ﬁlled (probably by the inner Hcp tube) as shown in
electron cryo-tomographs [17]. Therefore, the TssBC–Hcp interactions
observed by bacterial two-hybrid or pull-down experiments [13,47] po-
tentially represent TssBC subunits in the extended state conformation.
4.3. Questions of length and of termination
In bacteriophages, the length of the tail is strictly controlled, usually
by a tape measure protein that functions as a molecular ruler [65]. No
homologue to the tape measure protein is encoded within T6SS gene
clusters, suggesting that either the length of the T6SS tail is not regulat-
ed or that it involves a distinct mechanism. However, the observation
that the T6SS sheaths assemble structures of different lengths support
the postulate that the lengths of T6SS tails are not controlled [17,62].
More importantly, it is not yet known how the T6SS tail is terminated.
Because it connects the tail tube and the sheath at the distal end, the
bacteriophage tail terminator protein is a requisite for the propelling
of the inner tube during sheath contraction [49,65]. In the absence of
such a component, the force generated during contraction of the sheath
could not be transferred to the tail tube. Nevertheless, if the require-
ment of a functionally similar subunit for the T6SS is not a matter of
debate, the protein(s) that plays this role has not been identiﬁed yet.
4.4. The putative baseplate
During phagemorphogenesis, the tail tube and sheath assemble on a
platform called the baseplate [49]. Interestingly, the V. cholerae electron
cryo-tomographs published by Basler et al. showed the existence of a
ﬂared bell-like density connecting the T6SS tail to the membrane
(Fig. 2B) [17]. During tail contraction, the phage baseplate undergoes a
large structural transition [66–68]. Interestingly, the bell-shape density
observed in Vibrio cells is also subjected to a large conformational mod-
iﬁcation upon sheath contraction [17]. According to the deﬁnition given
by Leiman and Shneider, the minimal baseplate (i.e., the minimal set of
subunits required for the proper assembly and the controlled contrac-
tion of tail-like structures) would be constituted of the central hub –
the (gp273–gp53) complex – and three wedge proteins: gp6, gp25 and
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core components are homologous to the central hub and gp25 respec-
tively [1,45]. Furthermore, VgrG is required for the proper assembly of
the Hcp tube [47] while TssE is required for polymerization of the
TssBC sheath [17,18,62]. These results support the idea that T6SS tail
biogenesis is dictated by an assembly platform functionally similar to
the bacteriophage baseplate. However, the T6SS homologues of gp6
and gp53 (or gp7), if they exist, have not yet been identiﬁed.
The VgrG protein is homologous to the cell-puncturing device, or
spike, of bacteriophage T4. The central hub of T4 is comprised of a dou-
ble trimer (gp273–gp53) that is featured by a β-prism spike and a three-
fold to six-fold symmetry adaptor domain that connects to the inner
tube. The crystal structure of the N-terminal fragment of VgrG from
the uropathogenic E. coli CFT073 strain was solved (PDB ID: 2P57) and
compared to that of the (gp273–gp53) complex (Fig. 5A) [45]. The global
fold of the VgrGN-terminal is very similar to that of gp27 alongwith the
N-terminal, OB, and region of gp5, with the exception of the lysozyme
domain carried by gp5. The crystal structure of the C-terminal domain
of the E. coli O157 VgrG protein was recently reported (PDB ID: 3WIT),
and as expected, displays a three-stranded β-helical fold [69]. Thus,
the vgrG gene is a fusion of the gp27 and gp5 genes. By analogy with
the phage tail structure and its assembly pathway, the Hcp tube is
thought to assemble onto the VgrG trimer and to propel it towards
the target cell as a result of TssBC contraction. The needle-shaped
β-helical domain of VgrG will help to penetrate the target cell. This
model is supported by the observations that (1) Hcp and VgrG exhibit
a codependency for their release in culture supernatants [11,50],
(2) Hcp and VgrG interact [13] and (3) VgrG is required for the proper
assembly of the Hcp tube [47]. Based on these results, it is likely that
VgrG acts as a baseplate subunit in T6SS. It isworth to add that a number
of VgrG proteins carry C-terminal extensions located downstream the
β-prism. Because these extensions may function as effector domains,
these VgrGs have been named “specialized VgrGs” [50,70]. Ma et al.
demonstrated that these additional domains are delivered inside target
cells [71], suggesting that, similarly to its phage counterpart, VgrG acts
as a spike. More recently, it was shown that an additional protein, called
PAAR, usually encoded within T6SS or vgrG gene operons, forms a con-
ical structure that caps the extremity of VgrG, sharpening the tip of the
spike (PDB IDs: 4JIV and 4JIW) [72]. Here again, this result is consistent
with the observation that a number of bacteriophage spikes are decorat-
ed with an unknown protein that also sharpens the extremity [73].
PAAR is therefore secreted in a VgrG-dependentmanner and it was fur-
ther proposed that PAARmay be used as a connector betweenVgrG and
protein effectors [72]. This suggestion is supported by the observation
that a number of PAAR proteins are fused to putative effector domains
[72]. However, the function of PAAR is probably more complex as it is
required for the release of Hcp in the culture supernatant, which reﬂects
the assembly and function of the T6SS, and it has been therefore sug-
gested that PAAR might be required to nucleate VgrG folding [72].
In addition to VgrG, the TssE protein is also a component of the T6SS
baseplate. TssE shares a high degree of similarity with gp25, a compo-
nent of the baseplate wedges of bacteriophage T4 [1,9,45,51]. The
three-dimensional structure of TssE is not yet determined. However,
the degree of conservation between TssE and gp25 orthologs is sufﬁ-
cient to build a model based on the structure of the bacteriophage T4
gp25 protein (PDB ID: 4HRZ; Browning, Shneider and Leiman, unpub-
lished) (Fig. 5A). In the bacteriophage T4 tail, gp25 is thought to initiate
the polymerization of the sheath by an arm-exchange mechanism with
the ﬁrst row of gp18 subunits [49]. Even though the role of TssE in T6SS
biogenesis remains unknown, a similar function is in agreement
with the observations that (1) TssE is a cytoplasmic protein that
co-precipitates with the TssBC complex in V. cholerae [17,51] and
(2) T6SS sheaths do not form in tssE cells [17,18,62].
Although no similarities were found with bacteriophage proteins in
this case, the TssK has been proposed to be a component of the T6SS
baseplate. TssK is a cytoplasmic subunit that oligomerizes to form athree-armed structure with an overall pyramidal shape (Fig. 4A) [64].
TssK was shown to co-precipitate with TssBC sheaths [17] through
direct interactionwith TssC (Figs. 4B and 5B) [64]. Fluorescencemicros-
copy experiments further showed that TssK is required for sheath poly-
merization [64]. Interestingly, TssK also interacts with the cytoplasmic
domain of the TssL inner membrane protein [64]. This is consistent
with the conserved genomic organization between the tssK and genes
coding for themembrane complex (Fig. 1) [2]. Although further studies
are necessary to understand the exact role of TssK, it has been proposed
that this subunit connects the T6SS tail to the TssJLM membrane com-
plex (Figs. 4B and 5B).
Upon bacteriophage landing onto host cells, the attachment of theﬁ-
bers induces a switch in the baseplate conformation thatwill ultimately
trigger sheath contraction [67,74]. One may therefore hypothesize that
a signal should be transmitted to the putative T6SS baseplate to initiate
TssBC contraction [63]. Several T6SS have been shown to be activated by
the TagQRST–PppA–PpkA–FHA phosphorylation-dependent pathway
and therefore it is conceivable that this post-translational activating
pathway leads to a structural modiﬁcation of the T6SS baseplate or to
membrane component(s) that are linked to it. However, the observa-
tion that most T6SS are devoid of this phosphorylation pathway raises
the question whether additional mechanisms to sense and signal the
contact with target cells exist.
4.5. Disassembly of the T6SS contracted sheath
Since thediscovery of the T6SS, the energization of the system for se-
cretion was a matter of debate. ClpV, one of the T6SS core components,
belongs to the Hsp100/Clp family of AAA+ ATPase proteins. Hsp100/Clp
proteins are oligomeric ring-like machines that bind ATP via the con-
served AAA domain and convert the energy of ATP hydrolysis into a
protein-unfolding activity. The ATPase activity of ClpV has been demon-
strated to be required for Type VI secretion in several organisms, includ-
ing P. aeruginosa, E. tarda, and V. cholerae [11,40,53]. Hence, prior to the
demonstration that the TssBC sub-complex functions as a phage
contractile sheath, it was hypothesized that the ClpV specialized ATPase
energized either the assembly of the T6SS or substrate secretion.
However, Zheng and Mekalanos, and Basler et al. demonstrated that
V. cholerae clpVmutant cells conserve ~10% of T6SS activity, demonstrat-
ing that ClpV does not power assembly or secretion but rather improve
the efﬁciency of the apparatus [12,17]. However, in a breakthrough
work, Bönemann et al. showed that ClpV interacts directly with TssB
and TssC and demonstrated that ClpV disassembles TssBC tubules
in vitro in an ATP-fuelled manner [53]. In addition, the same authors re-
ported that the speciﬁcity of ClpV for TssBC is conferred by its N-terminal
domain and can be transferred to the housekeeping ClpA ATPase by
swapping their respective N-terminal domains. Using a TssB–GFP fusion,
Basler et al. showed that in the absence of ClpV the TssBC complex is not
dynamic anymore and that the TssB localization is similar to that ob-
served in contracted TssBC structures [17]. Moreover Basler and
Mekalanos used a combination of TssB–GFP and ClpV–mCherry fusions
to demonstrate that prior to TssBC contraction, ClpV is evenly distributed
in the cytosol, whereas contraction of the sheath leads to immediate co-
localization of ClpV–mCherry with the contracted sheath (Figs. 3d, e, f
and 6) [20]. Once the TssBC complex is disassembled, TssB and ClpV no
longer co-localize to a single focus. These data were later conﬁrmed by
immunogold labeling of ClpV, demonstrating that ClpV proteins decorate
contracted sheaths [62]. These results strongly support the idea that ClpV
is essential for the dynamics of TssBC tubules, recycling the TssB and TssC
subunits after sheath contraction. Kapitein et al. provided further evi-
dence that in addition to recycling the pool of TssBC subunits by
disassembling contracted TssBC tubules, ClpV also prevents formation
of aberrant, aggregated, TssBC tubules in the cytoplasm [62]. Themolec-
ular bases bywhich ClpV speciﬁcally recognizes contracted sheaths came
from thework of Pietrosiuk et al. [75]. The authors determined that ClpV
binds with weak afﬁnity (~40 μM) to a discrete fragment on TssC
Fig. 6. Disassembly of the contracted T6SS sheath. Once contracted, the N-terminal α-helix of the TssC protein protrudes from the sheath structure and recruits the ClpV AAA+ ATPase,
allowing disassembly and recycling of the TssBC proteins. The high resolution structure of the ClpV N-terminal domain complexed with the TssC α-helix (from EAEC, unpublished) is
shown.
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V. cholerae and EAEC N-terminal ClpV domain alone or complexed to
the TssC peptide are available (PDB IDs: 3ZRI/4HH5 for ClpV alone and
PDB IDs: 3ZRJ/4HH6 for the complexes) ([75], Douzi et al., unpublished).
The ClpV protein possesses an additional N-terminalα-helix, namedα0,
compared to other members of the Hsp100 family. The TssC α-helix
binds to an hydrophobic groove located between the two ﬁrst
α-helices of ClpV, α0 and α1 (Fig. 6), providing the explanation why
TssC is not a substrate for housekeeping Clp proteins [75]. Although
this has not been formally demonstrated, the current model suggests
that the TssC N-terminal α-helix is buried within the extended sheath
but protrudes from the contracted sheath, allowing ClpV recruitment
and activity (Fig. 6). The question whether the disassembled TssB and
TssC subunits are recycled and integrated into a new cycle of assembly/
contraction or are degraded remains to be clearly answered.
5. Closing remarks and prospects
Over the last few years, the T6SS became a highly exciting area of re-
search, each week providing its batch of novelty. Breakthrough studies
have shaken the ﬁeld, including the discovery that T6SSs are involved
in interbacterial competition or that the T6SS is structurally and
functionally similar to contractile bacteriophage tails. However, while
current efforts concentrate on the nature of the effectors delivered by
thismachine and on the secretionmechanisms, important questions re-
garding the overall architecture and the biogenesis of the T6SS remain
to be answered. Providing structural information on the complete
T6SS (or sub-complexes), such as those obtained for the Type III or
Type IV apparatus will supply an unprecedented view of this machine.
Identifying the T6SS baseplate components is also an exciting challenge
thatwill pave theway to a better understanding of themolecularmech-
anism triggering sheath contraction. Finally, how the attacker cells
sense the prey and position and activate the T6SS remains to be exper-
imentally addressed.
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